but contributes to the maturation of preexisting synapses, with domain specificity for either excitatory or inhibitory synapses. The Rho-GAP domain does not influence synapse maturation, but influences synapse densities of both synapse types.
It remains to be determined whether the Rho-GAP domain influences both synapse types by inactivating the same downstream small GTPase. Rho family GTPases have previously been implicated in Gephyrin clustering as well as excitatory synapse development. Collybistin, a regulator of Gephyrin clustering, is an activator of the Rho family GTPase Cdc42. Overexpression of activated Cdc42 in cultured neurons produces numerous small Gephyrin puncta, reminiscent of the SRGAP2A inhibitory knockdown phenotype (Tyagarajan et al., 2011) . Overexpression of activated Rac1, another Rho GTPase, can induce a high density of very thin spines (Tashiro et al., 2000) , reminiscent of the SRGAP2A excitatory knockdown phenotype. The Rho-GAP domain of SRGAP2A interacts strongly with Rac1 and only weakly with Cdc42 (Guerrier et al., 2009 ), but it is still possible that this weak interaction is sufficient to sequester Cdc42 and attenuate Gephyrin clustering. Thus, there is a strong precedent for activated RhoGTPases acting to increase excitatory and inhibitory synapse densities with qualitatively similar morphological features as the SRGAP2A knockdown. Rescue of the SRGAP2A phenotype with different constitutively active RhoGTPases could address whether suppression of excitatory and inhibitory synapse formation by SRGAP2A relies on common downstream mechanisms.
The suppression of synapse formation by SRGAP2A and its antagonism with SRGAP2C raises other interesting questions. Does SRGAP2 determine the set point for total number of synapses in a neuron, or does it act as a ''synaptogenic'' molecule that promotes the initiation or progression of synapse formation? When in human development does SRGAP2C-SRGAP2A antagonism cause synaptic changes, and how is this antagonism relieved? Does it differ in evolutionarily older circuits, such as those in the hindbrain, as compared to the newer circuits of neocortex? Manipulating the temporal patterns of SRGAP2A and SRGAP2C expression and understanding their interaction, along with the elucidation of their downstream mechanisms for regulation of synapse formation, offer an exciting avenue for future research.
In this issue of Neuron, Lee et al. (2016) assessed the brain-wide effects of stimulating the direct and indirect pathway by optogenetic activation of D1 and D2 striatal neurons. This work demonstrates the exquisite power of combining cell-type-specific perturbation methods with focal and whole-brain measurements of brain activity. system. At any instant of his dribble, the player's motor control system commands a countless array of muscles to move or hold position. The preparation for these motor acts and their execution require precise, cooperative interaction between the brain and the musculoskeletal system whereby multi-modal sensory information must first be integrated to generate extremely rapid decisions. The signals then pass through several brain circuits, reaching the motor neurons coordinating the contraction and relaxation of appropriate muscle groups (Albin et al., 1989) . The exquisite motor control crucial for scoring goals is also needed for regulating the actions, balance, and stability required in the daily life of less gifted human beings. This becomes even more apparent in disease: with the breakdown of a single cog in this complex motor control system, devastating neurological consequences follow, as seen, for example, in patients with Parkinson's or Huntington's disease.
A closer look at the brain circuitry involved in the control of voluntary movements suggests a gating mechanism whereby a desired motor program is selected while unwanted movements are suppressed. This circuitry engages at least three parallel pathways involving the cortex, basal ganglia, and thalamus.
These consist of a direct pathway that facilitates the initiation and execution of wanted motor behavior, an indirect pathway that suppresses undesirable motor behavior, and a third hyperdirect pathway thought to play a role in suppressing inappropriate movements (see Figure 1A) .
How, then, are these circuits anatomically implemented in the soccer player's brain? According to classical feedforward models of basal ganglia circuitry, in order to initiate and execute his dribble toward the opponent's goal, Ronaldo's frontal cortex must send glutamatergic excitatory signals to the caudate and putamen, both part of the striatum. These two structures also receive dopaminergic input from the substantia nigra pars compacta (SNc), which can have either a positive or negative impact on striatal activity, depending on the type of receptors hosted by the post-synaptic striatal neurons, as will be described in detail below. Through GABAergic synapses, the caudate and putamen negatively influence the activity of the internal segment of the globus pallidus (GPi). The latter structure remains highly active at rest, producing a sustained suppression of activity in the ventrolateral, motor portion of the thalamus via GABAergic synapses. An excitatory thalamo-cortical gateway inhibits the motor cortex at rest. When the player's ''go'' signals from the frontal cortex impinge upon this basal ganglia loop, the GPi is inhibited, resulting in a release of inhibition at the level of the thalamus ( Figure 1A ). This amplifies motor cortical activity driving the appropriate motor neurons and corresponding muscle contractions. The indirect pathway also influences the caudate and putamen with excitatory glutamatergic connections. However, before reaching the GPi it first passes through the external segment of the globus pallidus (GPe). With its GABAergic output, this structure suppresses the GPi and subthalamic nucleus (STN). The subthalamic nucleus, in turn, also connects to the GPi, but unlike the GPe, it plays an excitatory role. Hence, when the indirect pathway is activated, inhibitory signals impinge on the GPe, leading to higher activity in the STN and therefore in the GPi ( Figure 1A ). The consequence is that the ventrolateral nucleus of the Lee et al. (2016) with fMRI (blue and red colors corresponding to optogenetically induced decreased and increased activity, respectively), and at single-unit level (insets indicated by arrows). Triangles in the striatum indicate the intermixed D1 and D2 MSNs. thalamus receives stronger inhibition, which attenuates activity in motor cortex. Behaviorally, this leads to a suppression of unwanted movement. The hyperdirect pathway bypasses the striatum and sends glutamatergic connections directly to the STN, which again sends excitatory projections to the GPi. This pathway is thus ideally suited to suppressing motor activity in the remainder of the circuit. The functional role of several other anatomical connections within this basal ganglia loop is not as thoroughly described and undoubtedly adds to the richness and complexity of this motor control circuitry but likely contributes to the individual variability in the complex motor skills observable between, for example, professional soccer players and the rest of us.
A key structure in shaping activity within the basal ganglia loop is the SNc. Its neurons release dopamine that activates the D1 receptor-expressing ''medium spiny neurons'' (MSNs) in the striatum (D1 MSN) of the direct pathway, and the D2 receptor-expressing MSNs (D2 MSN) belonging to the indirect pathway. Since the two types of inhibitory MSNs are tightly intermingled in the striatum, it has proved exceedingly challenging to investigate their respective roles in motor control. Since the advent of advanced genetic engineering tools (Boyden et al., 2005) , it has finally become possible to target these distinct D1 and D2 MSN populations (Kravitz et al., 2010) . In support of activation-suppression models of the direct and indirect pathways, precise perturbation experiments have revealed that optogenetic activation of D1 MSNs increased activity in motor cortex and facilitated motor behavior. Activation of D2-expressing MSNs in the striatum, in contrast, attenuated activity in motor cortex and suppressed motor behavior (Oldenburg and Sabatini, 2015) .
It nonetheless remained an open question how activation of these distinct yet intermixed pathways modulates activity across the nodes of the basal ganglia loop, to eventually influence the entire brain. To address this question and to test the classic feedforward models as described above, Lee and colleagues combined cell-type-specific optogenetics with functional magnetic resonance imaging (fMRI) in anaesthetized mice in an attempt to visualize the brainwide functional effects of stimulating the D1 and D2 MSNs (Lee et al., 2016) . Depolarizing optogenetics of D1 and D2 MSNs resulted in increased contraversive and ipsiversive rotational behavior, respectively. This result corroborates previous findings (Kravitz et al., 2010) and is consistent with the facilitatory and suppressive functions classically attributed to the direct and indirect pathways. Within the striatum, they found localized increases in fMRI activity independent of the MSN type stimulated. In addition, stimulation of D1 MSNs resulted in widespread fMRI activations both ipsi-and contralateral to the optrode used for light delivery. The opposite effect was observed following selective D2 MSN stimulation, with reduced fMRI activity across extensive regions of the brain. The extent of these modulations can be seen in the sizeable differences between fMRI signals induced by D1 and D2 stimulations in brain regions not immediately associated with the motor control system, including even auditory and visual cortex.
In addition to whole-brain fMRI, Lee et al. also recorded single-unit activity in the striatum and the thalamus. These recordings are critical to interpreting the fMRI data, since blood-oxygen leveldependent (BOLD) signals do not always correlate with single-unit activity (Sirotin and Das, 2009 ). In the striatum, changes in neuronal activity closely followed the sign of the BOLD signals. Again, increased firing rates were observed for the majority of striatal neurons, independently of D1 or D2 MSN stimulation. Hence, the positive striatal BOLD response is likely the result of increased spiking activity in inhibitory GABAergic D1 and D2 MSNs, a finding significantly extending our understanding of the neurovascular coupling. In the thalamus, the BOLD signals exhibited opposing responses to D1 and D2 stimulation. Here also, most neurons reflected the BOLD responses, showing increased (94% of the cells) and decreased (79% of the neurons) firing rates during D1 and D2 MSN stimulation, respectively.
Results up to this point are largely as predicted. The fMRI and single-unit responses show good correspondence and comply well with our expectations based on the classical basal ganglia model. Quite unexpectedly, however, the GPi and STN showed fMRI signals not predicted by the feedforward model ( Figure 1B) . D1 MSN stimulation resulted in increased STN BOLD and single-unit activity, despite the fact that STN is not implicated in the direct pathway (see Figure 1A ). D2 MSN stimulation resulted in negative BOLD signals in STN, although we had expected increased activity due to disinhibition from GPe. Since changes in neuronal firing in STN and GPi echoed those of the BOLD responses after D1 and D2 MSN stimulation, this cannot be explained as simple discrepancies in neurovascular coupling.
The Lee study largely confirms the classical basal ganglia model, since stimulation of the direct pathway disinhibits the thalamo-cortical loop facilitating motor behavior. Specific stimulation of the indirect pathway causes a reduction in activity within this loop, thereby suppressing movements. The study is also one of the most compelling examples to date whereby observed changes in fMRI activity corresponded surprisingly well with the observed firing rates of single units in a variety of structures, although more quantitative comparisons are warranted. However, in a deviation from the classical feedforward model, they observed increased and decreased BOLD and single-unit activity in the GPi and STN during D1 and D2 MSN stimulation, respectively. The authors suggest that cortical feedback through the hyperdirect pathway may explain this puzzling result, as it sends excitatory glutamatergic signals from the cortex to the STN. Hence, an active cortex during D1 stimulation will also result in increased activity in both the STN and GPi, since the latter structure receives excitatory input from the former. Reduced cortical activity during D2 stimulation will have the opposite result in the STN and GPi, again explaining the observed BOLD and single-unit results. However, this reasoning still fails to explain why signal changes have the same polarities in both the inhibitory output structures of the basal ganglia and in their major target, the thalamus. This indicates that more complex circuitry, most likely including both local and corticothalamic feedback loops, shapes the activity patterns or the excitatory/inhibitory balance in the basal ganglia and thalamus. Another surprising result concerns the exceptionally widespread changes in fMRI signals throughout the brain following D1 and D2 MSN stimulation. The use of a relatively long stimulation protocol (20 s) may explain some of these unexpected results. In this respect, it is noteworthy that in a previous study, selective stimulation of D1 MSNs and D2 MSNs led to decreased and increased activity, respectively, in the SNr (Kravitz et al., 2010) . In the present study, however, D1 and D2 MSN stimulation yielded opposite fMRI signals in the SNr-unfortunately, no single-unit recordings were made in this structure. The only obvious difference between the two studies was the duration of optogenetic stimulation (20 s versus 1 s).
In summary, Lee et al. (2016) exploited the exquisite advantages of rapid celltype-specific optogenetics in combination with whole-brain functional imaging (Gerits et al., 2012) and focal electrophysiology. This challenging study paves the way for further refinement of basal ganglia models by employing similar combinations of methods applying various stimulation protocols in awake, behaving animals. A semi-closed-loop stimulation paradigm whereby the frequencies of recorded neuronal activity from the basal ganglia are subsequently used to stimulate D1 and D2 MSN populations may result in biologically more relevant activation patterns (Logothetis et al., 2012) . Moreover, the physiology, anatomy, connectivity, and neurochemical properties of rodent brains differ considerably from those of primates, which is also reflected in the different motor behaviors expressed by different species. Therefore, major advances can be expected should similar technologies be developed for nonhuman primates, whereby specific cell types can be genetically targeted while investigating their causal contributions at the whole-brain scale using fMRI in combination with fMRI-guided multisite electrophysiological or optical recordings (as hypothesized in Vanduffel et al., 2014) . Such exciting studies, connecting cellular with systems neuroscience, will increase our mechanistic understanding of how a soccer player can score a goal or how we perform everyday actions. More importantly, it may provide critical insights into how to restore dysfunctional motor circuits in patients suffering from devastating motor diseases.
In this issue of Neuron, Hultman et al. (2016) find that stress-induced abnormal social behavior reflects aberrant prefrontal regulation of downstream limbic networks. This illustrates how linking aberrant network dynamics to neuropsychiatric disorders may lead to new circuit-based therapeutic interventions.
Neuropsychiatric disorders are highly prevalent in today's society-in particular, almost 15% of the population suffers from major depressive disorder (MDD). The neural circuits implicated in depression span numerous cortical and limbic structures. Thus, numerous studies, both in human subjects and animal models, have sought to understand how these structures interact as a network, and how these network interactions go awry in depression. For example, imaging studies in human subjects have identified aberrant resting-state connectivity within the default mode network of individuals with depression (Greicius et al., 2007) and have sought to identify network interactions that mediate therapeutic responses to deep brain stimulation (Choi et al., 2015) . At the same time, many studies in rodents have combined physiology and optogenetics to examine the role of limbic networks comprising multiple cortical and subcortical structures including the prefrontal cortex (PFC), ventral tegmental area (VTA), and nucleus accumbens (NAc) (Chaudhury et al.,
